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ABSTRACT 

	Banana peels (BPs), a widely generated agro-waste, possess substantial nutritional, structural, and bioactive properties that remain underutilized in agricultural systems. Their valorization into biofertilizers has gained significant attention due to the growing need for low-cost, eco-friendly alternatives to synthetic fertilizers. BPs contain high levels of potassium, calcium, polyphenols, pectin, carbohydrates, and lignocellulosic compounds that make them suitable for conversion into multiple value-added products, including compost, liquid extracts, biochar, pectin gels, antioxidant powders, and biodegradable packaging materials. Recent advances demonstrate that integrating microbial inoculants—such as Bacillus, Azotobacter, Trichoderma, and phosphate-solubilizing bacteria—enhances decomposition, improves nutrient mineralization, and enriches the final fertilizer quality. Furthermore, BP-derived amendments have been reported to improve seedling vigor, biomass accumulation, soil enzyme activities, and resistance to abiotic stress in several crops. The review highlights current valorization approaches, chemical attributes influencing product efficiency, microbial mechanisms involved in residue transformation, and the potential role of BP-based fertilizers in supporting circular bioeconomy frameworks. Key challenges include achieving consistency in nutrient composition, optimizing fermentation parameters, and establishing regulatory standards. Overall, BP valorization provides an accessible, sustainable, and scalable pathway for transforming agricultural residues into high-value biofertilizers that can significantly enhance soil health and reduce dependence on chemical inputs.
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1. Introduction
The rapid expansion of global agriculture has intensified the use of synthetic fertilizers, contributing to soil degradation, nutrient imbalance, eutrophication, and increasing greenhouse-gas emissions (Ammar & El-Sayed, 2023). As the environmental and economic limitations of chemical fertilizers become increasingly evident, the valorization of agricultural residues has emerged as a sustainable strategy for maintaining soil fertility while reducing ecological pressure. Banana (Musa spp.) is one of the world’s most widely cultivated fruits, generating more than 35–40 million tons of peel waste annually, much of which is discarded in landfills where it contributes to methane emissions and environmental contamination (Choudhury, 2023; Khanyile et al. 2024).
Banana peels (BPs) are rich in carbohydrates, lignocellulosic fiber, potassium, calcium, polyphenols, pectin, amino acids, and several micronutrients that make them an excellent substrate for biofertilizer production (Zaini & Rini, 2022; Khanyile et al. 2024). Their chemical composition supports microbial colonization, enhances nutrient retention, and enables the gradual release of plant-available nutrients during decomposition. Valorizing BPs aligns strongly with circular bioeconomy principles, promoting resource recovery, minimizing waste, and reducing dependence on synthetic nutrient inputs (Ait-Kaddour et al. 2024).
Microbial bioprocessing plays a central role in transforming BP biomass into functional fertilizers. Beneficial microorganisms such as Trichoderma, Bacillus, Azospirillum, and phosphate-solubilizing bacteria degrade complex polymers, increase mineral availability, and improve soil health through enzyme production and pathogen suppression (Harman et al. 2004; Kannan & Kalapirran, 2022; Bashan & de-Bashan, 2010). Integrating microbial inoculants with BP valorization therefore provides a dual advantage: efficient waste management and improved agricultural sustainability.
This review synthesizes current knowledge on the nutritional composition of banana peels, valorization pathways, microbial mechanisms involved in residue transformation, and agricultural applications of BP-based fertilizers. It further highlights innovations, bottlenecks, and future research needs to support the large-scale development of BP-derived fertilizers within sustainable agricultural systems.


2. Nutritional and Bioactive Composition of Banana Peels
Banana peels (BPs) possess a diverse chemical profile that supports their transformation into biofertilizers and other value-added products. They contain substantial amounts of carbohydrates (59–67%), lignocellulosic fiber, proteins, lipids, and several essential minerals that influence their biodegradability and nutrient-release potential (Zaini & Rini, 2022). The high dietary fiber content (47–53%)—primarily cellulose, hemicellulose, and pectin—provides a structural matrix that supports microbial colonization and enzymatic breakdown during composting (Khanyile et al. 2024). Lignin, although present in lower proportions, contributes to slower decomposition and long-term carbon stabilization in soil.
BPs are particularly rich in potassium (~476 mg/100 g), calcium (~323 mg/100 g), phosphorus (~122 mg/100 g), magnesium, and trace micronutrients, all of which play essential roles in osmotic regulation, root development, enzyme activation, and photosynthetic efficiency (Khanyile et al. 2024; Choudhury, 2023). Their naturally high K content makes them especially suitable for formulating organic fertilizers for fruiting and flowering crops.
In addition to macronutrients, banana peels contain significant quantities of phenolic compounds—including catechin, rutin, ferulic acid, gallic acid, and caffeic acid—known for their antioxidant and antimicrobial properties (Choudhury, 2023). These bioactive compounds can indirectly promote plant growth by suppressing phytopathogens, protecting beneficial soil microbes, and reducing oxidative stress in plants exposed to abiotic stress.
Amino acids such as leucine, lysine, isoleucine, valine, and tryptophan contribute to the nutritional quality of BPs and are readily metabolized by microbial consortia during fermentation, accelerating biomass degradation and nutrient mineralization (Kannan & Kalapirran, 2022). Lipid fractions (1.2–11.6%) include polyunsaturated fatty acids—particularly linoleic and α-linolenic acid—which serve as carbon sources for soil bacteria and enhance microbial activity during composting.
Overall, the combined presence of structural polysaccharides, mineral nutrients, and bioactive compounds makes banana peels an ideal substrate for biofertilizer production. Their composition not only supports nutrient recycling but also enhances microbial performance during decomposition, resulting in fertilizers that improve soil structure, nutrient retention, and biological activity.


3. Valorization Pathways for Biofertilizer Production
The conversion of banana peels (BPs) into biofertilizers can be achieved using several valorization strategies, each influencing nutrient availability, soil properties, and crop performance. These approaches include composting, microbial fermentation, solvent extraction, pyrolysis, and composite formulations. Their effectiveness depends on factors such as processing temperature, microbial activity, substrate composition, and the intended agricultural application (Khanyile et al. 2024).
3.1 Composting and Soil Decomposition
Composting is one of the most widely used valorization techniques, enabling the gradual decomposition of BPs through microbial activity. Their high carbohydrate and fiber content facilitates microbial colonization, while potassium and pectin enhance soil structure during decomposition. Studies show that incorporating 150 g of BP into soil for two months significantly improved germination and plant height in Pisum sativum, indicating efficient nutrient release and improved soil aeration (Barnossi & Fiallos-Cárdenas, 2022). Composting also reduces antinutritional factors such as tannins and oxalates, improving fertilizer safety and nutrient bioavailability (Zaini & Rini, 2022).
3.2 Microbial Fermentation and Bio-augmented Processes
Microbial fermentation enhances the biodegradation of BPs by accelerating lignocellulosic breakdown and mineralization. Inoculants such as Bacillus, Azotobacter, Trichoderma, and phosphate-solubilizing bacteria contribute to the release of nitrogen, phosphorus, potassium, and micronutrients into plant-available forms (Harman et al. 2004; Kumar et al. 2020; Bashan & de-Bashan, 2010). Fermented BP-based fertilizers show increased enzyme activities (urease, dehydrogenase) and improved soil microbial diversity, which enhance nutrient uptake efficiency (Kannan & Kalapirran, 2022). Such bio-augmented systems also suppress phytopathogens through antibiotic production and competitive colonization (Weller, 2007; Raaijmakers & Mazzola, 2010).
3.3 Liquid Extracts and Aqueous/Solvent Extraction
Liquid fertilizers derived from aqueous or solvent extraction provide concentrated nutrients—particularly soluble potassium, calcium, phenolics, and amino acids. These extracts are widely used for foliar application or seed priming. For example, fenugreek treated with BP liquid extract showed accelerated growth and higher shoot biomass due to enhanced nutrient uptake (Sogani et al. 2014). Phenolic compounds in these extracts confer natural pest resistance and antioxidant protection to crops, improving tolerance to oxidative stress (Choudhury, 2023).
3.4 Pyrolysis for Biochar Production
Thermal conversion of BPs via pyrolysis yields biochar, a carbon-rich material with high porosity and cation-exchange capacity (Islam & Rahman, 2019). BP-derived biochar improves soil aeration, water retention, and nutrient-holding capacity. When applied to tomato plants, BP biochar produced at 400 °C markedly enhanced soil pH and increased crop yield by approximately 10% (Zaini & Rini, 2022). Its ability to stabilize organic carbon also supports long-term soil fertility and carbon sequestration.
3.5 Composite Formulations with Other Agricultural Residues
Combining BPs with residues such as orange peels, eggshells, cow dung, or pomegranate peels creates synergistic nutrient blends. These composites improve macronutrient balance, especially for nitrogen-poor substrates (Rinni & Diana Putri, 2023). For instance, nano-fertilizer blends incorporating BP powders increased chlorophyll content, leaf area, and nutrient uptake in okra due to improved mineralization and micronutrient availability. Such composites also enhance buffering capacity and soil microbial activity.
3.6 Emerging Valorization Approaches
Recent developments include spectroscopic characterization (FTIR, NMR, XRD) and Industry–supported bioprocess monitoring to standardize BP-based fertilizers and ensure consistent nutrient profiles (Ait-Kaddour et al. 2024). Advanced bio-refinery models propose integrating BP valorization with the production of biostimulants, antioxidants, and bioenergy, maximizing resource efficiency and economic viability.
Overall, the choice of valorization method determines the nutrient-release pattern, soil impact, and functional properties of BP-based fertilizers. Well-designed pathways, especially those integrating microbial enhancement, can significantly improve fertilizer quality and support sustainable agricultural systems.


4. Microbial Roles in Agricultural Residue Decomposition
Microorganisms play a central role in the transformation of banana peels (BPs) and other agricultural residues into nutrient-rich biofertilizers. Their enzymatic activities facilitate the decomposition of complex organic polymers, enhance nutrient mineralization, and contribute to soil biological health. The interaction of microbial consortia—comprising bacteria, fungi, and actinomycetes—determines the rate, efficiency, and quality of the resulting fertilizer (Kannan & Kalapirran, 2022).
4.1 Decomposition of Lignocellulosic Biomass
BPs contain significant amounts of cellulose, hemicellulose, and pectin, along with moderate lignin content. These structural polymers require specialized degradative enzymes such as cellulases, hemicellulases, pectinases, and ligninases. Fungal species such as Trichoderma harzianum are highly efficient decomposers, producing extracellular cellulases and β-glucosidases that accelerate fiber breakdown (Harman et al. 2004). Their rapid colonization enhances carbon mineralization, reduces composting time, and improves nutrient availability in the final biofertilizer.
Actinomycetes, particularly Streptomyces species, also contribute through lignin degradation and humus formation. Their oxidative enzymes break down recalcitrant lignocellulosic fractions, supporting the maturation of BP compost (Goodfellow & Williams, 1983; Hsin et al. 2025).
4.2 Nutrient Solubilization and Mineralization
Nitrogen, phosphorus, and potassium mineralization is enhanced by a range of beneficial bacteria. Azospirillum and Rhizobium fix atmospheric nitrogen, increasing N content in composted materials (Bashan & de-Bashan, 2010). Bacillus subtilis and other phosphate-solubilizing bacteria release organic acids (citric, gluconic, lactic acids) that convert insoluble phosphate forms into plant-available P (Kumar & Singh, 2020). Pseudomonas fluorescens stimulates root development by producing indole-3-acetic acid (IAA), siderophores, and other growth-promoting metabolites (Weller, 2007).
These organisms collectively enhance the nutrient profile of BP-derived fertilizers and improve their agronomic value.
4.3 Production of Beneficial Metabolites and Soil Enzymes
Microbial consortia stimulate the release of critical soil enzymes such as dehydrogenase, urease, phosphatase, and cellulase, which regulate nutrient cycling and organic matter turnover (Kannan & Kalapirran, 2022). Their metabolic by-products—including phytohormones, siderophores, ammonia, and organic acids—facilitate nutrient uptake and improve plant physiological performance.
4.4 Biocontrol and Suppression of Soilborne Pathogens
Many microbes used in BP valorization exhibit strong antagonistic activity against plant pathogens. Trichoderma produces antibiotics, lytic enzymes, and secondary metabolites that inhibit fungal pathogens in the rhizosphere (Harman et al. 2004). Pseudomonas species synthesize siderophores and antifungal metabolites that suppress soilborne diseases and enhance plant resilience (Raaijmakers & Mazzola, 2010).
These microbial interactions contribute both to disease suppression and improved soil ecological balance.
4.5 Synergistic Microbial Consortia in BP-Based Biofertilizers
 	Multi-strain consortia—combining nitrogen fixers, phosphate solubilizers, cellulolytic fungi, and actinomycetes—show higher efficiency compared to single-strain inoculation. Their synergistic activities enhance decomposition speed, stabilize organic carbon, elevate nutrient content, and improve soil microbial diversity. Studies show that BP composts inoculated with mixed microbial cultures improve plant growth by 20–30% compared to non-inoculated treatments (Kannan & Kalapirran, 2022).
Overall, microbial enrichment significantly upgrades the functional properties of BP-derived fertilizers, making them more effective in improving soil fertility, nutrient cycling, and crop productivity.





5. Challenges and Future Perspectives
Despite the promising potential of banana-peel-based biofertilizers, several challenges must be addressed before their widespread adoption in agricultural systems. One of the major limitations is the inherent variability in the chemical composition of BPs, which depends on cultivar, maturity stage, environmental conditions, and postharvest handling. These variations influence nutrient content, polyphenol concentration, lignocellulosic structure, and microbial degradability, making standardization of end products difficult (Zaini & Rini, 2022; Khanyile et al. 2024). Developing reliable processing guidelines and quality benchmarks is therefore essential for producing biofertilizers with consistent agronomic performance.
Processing-related constraints also affect the efficiency of BP valorization. Drying temperature, fermentation duration, particle size, and inoculum concentration significantly alter the rate of mineralization and the availability of nutrients such as N, P, and K. Without optimized protocols, inconsistent nutrient release may limit field application reliability (Kannan & Kalapirran, 2022). Research integrating controlled fermentation, microbial consortia engineering, and real-time monitoring tools could improve the reproducibility of BP-based fertilizers.
Regulatory barriers pose another challenge. Many developing countries lack formal guidelines for registering organic fertilizers, microbial inoculants, or bio-based soil amendments. The absence of clear standards for nutrient content, shelf-life, microbial viability, and biosafety results in limited commercialization and market acceptance (Khanna et al. 2019). Strengthening policy frameworks and establishing certification systems will be necessary for wider adoption.
Economic feasibility remains a key concern. Although BPs are abundant and inexpensive, several valorization pathways—especially pyrolysis, solvent extraction, and controlled fermentation—require equipment, energy input, and technical expertise that may not be accessible in rural settings (Ait-Kaddour et al. 2024). Low-cost, decentralized bioprocessing units and community-scale composting models offer practical alternatives, enabling small farmers to convert local waste streams into valuable fertilizers (Rinni & Diana Putri, 2023).
From a research perspective, future work should focus on integrating BP valorization into multi-product biorefineries capable of producing biofertilizers, biostimulants, bioenergy, and bio-based materials from the same feedstock.  Advanced analytical techniques—such as metagenomics, metabolomics, and high-resolution spectroscopy—can help clarify microbial–substrate interactions and support the design of targeted microbial formulations tailored to the specific chemical profile of BP biomass. Further investigations into slow-release formulations, nano-enabled fertilizers, and microbially fortified composites could enhance nutrient-use efficiency and improve crop resilience under climate-stressed conditions.
Overall, addressing variability, regulatory gaps, processing optimization, and economic barriers will be essential to fully harness the potential of banana peels as a sustainable fertilizer resource. With collaborative efforts across research, industry, and policy, BP-based fertilizers can play a significant role in circular bioeconomy models and future low-input agricultural systems.


6. Conclusion
Banana peel valorization epitomizes sustainable agriculture by transforming a ubiquitous waste into a potent nutrient source. Co-cultured with microbial consortia, it represents a viable pathway to close nutrient loops, enrich soil fertility, and reduce dependence on synthetic fertilizers. Bridging process optimization with microbial biotechnology can unlock the full potential of banana peels within circular bioeconomy frameworks. 
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Table 1. Nutritional and mineral composition of banana peel
	Component
	Range / Concentration
	Reference

	Carbohydrates
	59–67 %
	

Zaini & Rini, 2022

	Dietary fibre
	47–53 %
	

	Protein
	0.9–7.8 %
	

	Lipids
	1.2–11.6 %
	

	Phenolics (total)
	47 mg /g 
	

	Potassium
	475.6 mg/100 g
	
Khanyile et al. 2024

	Calcium
	323 mg/100 g
	

	Phosphorus
	122.5 mg/100 g
	



Table 2. Valorization pathways and crop responses to banana peel–based fertilizers
	Method
	Process
	Crop/Test
	Outcome
	Reference

	Soil decomposition (2 months)
	150 g BP in soil
	Pisum sativum
	Germination 83 %, height 75 cm
	Barnossi et al. 2022

	Liquid extract
	Solvent extraction of dried BP
	Fenugreek
	Fast growth, higher biomass
	Sogani et al. 2014

	Biochar
	Pyrolysis at 400 °C
	Tomato
	Improved soil pH, yield ↑ 10 %
	Zaini & Rini 2022

	Composite (banana + orange + eggshell)
	Dried & mixed powders
	Okra
	Increased leaf area & chlorophyll
	Hussein et al. 2019



Table 3. Microbial consortia and functional roles in agricultural residue degradation
	Microbe
	Functional Role
	Target Residue
	Benefit
	References

	Trichoderma harzianum
	Cellulose degradation, pathogen suppression
	Banana peel, crop stubble
	Improved N/P availability
	Harman et al. 2004

	Bacillus subtilis
	Phosphate solubilization, enzyme secretion
	Banana peel compost
	Enhanced plant growth
	Vessey, 2003; Kumar et al. 2020

	Pseudomonas fluorescens
	Siderophore and auxin production
	Crop residues
	Biocontrol & root stimulation
	Weller, 2007; Raaijmakers et al. 2010

	Rhizobium + Azospirillum
	Nitrogen fixation
	Mixed residues
	Improved root nodulation
	Bashan & de-Bashan, 2010; Bhattacharyya & Jha, 2012

	Actinomycetes spp.
	Lignin oxidation
	Lignocellulosic waste
	Faster compost maturity
	Goodfellow & Williams, 1983; Hsin et al. 2025
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Fig.1. Types of usage of Banana peel as biofertilizer
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